Filamin is a major high-molecular-weight protein in smooth muscle which was recently identified and isolated [Wang, K., Ash, J. F. & Singer, S. J. (1975) Proc. Natl. Acad. Sci. U.S.A. 72,[4483][4484][4485][4486]. In the present studies, we show that highly purified chicken gizzard filamin and muscle F-actin react in solution to form aggregates containing both proteins. Occasionally, these aggregates coagulate and contract into a dense gel in the absence of MgATP or CaATP. Immunofluorescence and electron microscopic studies suggest that the Factin filaments are collected into fiber bundles and a crosslinked fiber meshwork by the binding of filamin molecules. These studies suggest that the function of filamin in intact cells may be to regulate the ultrastructural state of F-actin filaments in a variety of dynamic cellular processes.
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We have recently reported the detection, isolation, and characterization of a new high-molecular-weight protein in smooth muscle and in a variety of nonmuscle cells, which we have named filamin (1, 2) . Its name derives from the finding (1), by specific immunofluorescence techniques, that filamin is associated with intracellular filamentous structures which also contain myosin and actin. The apparent ubiquity of this protein, and its association with filaments, suggests some important intracellular mechanochemical role for filamin, but its function is not yet known. Although filamin is associated with filaments in vivo, isolated pure filamin does not appear itself to form filaments in vitro (2) . We therefore suggested the possibility (1) that filamin may interact and combine with filamentous structures formed by other components, in particular, F-actin. The experiments reported in this paper provide evidence for such an interaction in vitro and suggest possible physiological functions for filamin.
MATERIALS AND METHODS
Filamin from fresh chicken gizzard, the IgG fraction of rabbit antifilamin antibodies, and the fluorescein-conjugated goat antibodies to rabbit IgG were prepared as described elsewhere (refs. 1 and 2; K. Wang and S. J. Singer, unpublished data). Actins from chicken breast muscle and rabbit back muscle were purified according to Spudich and Watt (3) .
Most of the studies reported here were carried out in a buffer containing 0.1 M KC1/0.02 M Tris-HCl/0.2 mM dithiothreitol, pH 7.4 (buffer B). Proteins were dialyzed extensively against this buffer before analysis. When indicated, the ionic strength was adjusted by adding an appropriate amount of 3.0 M KC1 in buffer B. Protein concentrations were measured by the method of Lowry et al. (4) as modified by Hartree (5). Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (NaDodSO4) was performed according to Fairbanks et al. (6) on 4% acrylamide gels using 0.2% NaDodSO4 in the gel and electrode buffers. Coomassie brilliant blue staining intensities at 550 nm were measured by a Gilford spectrophotometer equipped with a gel scanner, and were converted to relative protein content by calibration electrophoresis experiments carried out with known mixtures of the filamin and actin proteins.
The filamin-actin aggregate shown in Fig. 3 was examined with a Zeiss Photomicroscope III equipped with Nomarski optics and an epifluorescence attachment (III RS) for observations of the immunofluorescent staining of filamin in the aggregate by the indirect method. Details of the specimen preparation are given in the legends for Fig. 3 . The filaminactin aggregate, and the two proteins before mixing, were examined by electron microscopy after negative staining, as described in the legend of Fig. 4 . A Philips model 300 electron microscope at 60 kV was used.
RESULTS
Aggregation of F-Actin by Filamin. When clear solutions of highly purified filamin and actin, at concentrations of a few tenths mg/ml in buffer B, were mixed at appropriate ratios at room temperature, gel-like aggregates formed immediately. Usually, the aggregates formed discrete gel particles which remained suspended in the solution. But occasionally, (two times in 10 preparations) the entire aggregate started to coagulate and slowly contracted into a dense translucent gel. This phenomenon is shown in Fig. 1 . Why most of the aggregated samples remained suspended and others coagulated is not clear. No significant differences were observed with the two different actins that were prepared.
If the aggregates that formed remained suspended, then within 10 min after formation they could be sedimented by low-speed centrifugation in an SS-34 rotor of a Sorvall RC2-B centrifuge operated at 12,000 rpm for 15 min. These conditions freed the supernatant of aggregates, as judged by light microscopy, without sedimenting significant amounts of protein from solutions containing either filamin or F-actin alone. Under these conditions, about 10-30% of the initial protein in these filamin-actin mixtures was sedimented. The sediment and the supernatant, when analyzed by gel electrophoresis, both contained the two proteins and no others.
In the cases where the aggregates coagulated, much larger amounts of protein (70% for the sample shown in Fig. 1) were sedimented by the low centrifugal force field described above. The gel electrophoresis patterns of the sediment and supernatant fractions of the mixture of Fig. 1 are shown in Fig. 2 . The coagulated aggregates (Fig. 2D ) had no detectable amount of myosin, a-actinin, or any protein bands other than filamin and actin.
The filamin-actin aggregation process was studied quantitatively as a function of the initial ratio of the two proteins. The results are recorded in Table 1 . As the initial weight ratio of filamin to actin was increased up to about 1.1-1.2, the weight Fig. 1 (C) , and the aggregate of the sample shown in Fig. 1 (D) . Electrophoretic gels were overloaded to show the absence of myosin in the sample. sedimentable in the low centrifugal force fields increased with increasing total protein concentration in the initial mixture (from 3% at 0.1 mg/ml to 27% at 2.0 mg/ml). At a given total protein concentration, the amount of sedimentable aggregate decreased as the KCl concentration was increased; above 0.5 M KC1 in buffer B no aggregate was detectable. On the other hand, once formed at lower salt concentrations, the aggregates were stable in 0.6 M KCI for a prolonged period, but dissolved immediately in 0.6 M KI, presumably due to the depolymerization of F-actin to G-actin (see below). Low temperature (40) had no appreciable effect on the amount of aggregate, nor did Mg2 , Ca2 , MgATP, CaATP, or EDTA, up to 5 mM concentrations. Cytochalasin B up to 25 jug/ml had no effect. Heating both protein solutions at 1000 for 5 min abolished their aggregation properties on mixing.
The physical state of the actin was examined as a factor in (Fig. 4C) . At higher magnification (Fig. 4 D and E ) the fibrous meshwork was seen to consist of thin fibers of the diameter of single F-actin filaments which were arranged in a roughly orthogonal matrix (Fig. 4C) . More-or-less spherical particles of the size of filamin molecules (about 200 A diameter) were frequently attached to these filaments. In favorable areas, these attached particles appeared to be in periodic array (Fig. 4D) . By contrast, at the same protein concentration, F-actin alone consisted of single randomly oriented fiber without attached particles (Fig. 4A ), but never as bundles of fibers; filamin alone consisted of more-or-less spherical particles of different extents of aggregation, but with no detectable fibrous structure (Fig. 4B) (Fig. 1) . Such a gel contraction is generally characteristic of force-generating macromolecular systems, such as the actomyosin system of striated muscle (7) or the cytoplasmic contractile system in acanthamoeba (8) and macrophages (9) . In the acanthamoeba and macrophage systems, however, myosin is present and the gel contraction is ATP-dependent, as would be expected of an actomyosin-like contractile process. On the contrary, the contractile process exhibited in Fig. 1 involved only the proteins filamin and actin (Fig. 2D) (Fig. 4) (Table 1) suggests that a specific binding of the two proteins is involved which is saturated when 1 dimeric filamin molecule is bound per [8] [9] [10] [11] [12] monomer units of the F-actin in the aggregate. This is not too different from the binding stoichiometry of some other contractile proteins to F-actin: tropomyosin, known to bind in the FIG. 4 . Negatively stained electron micrographs of F-actin (A), filamin (B), the filamin-actin aggregate at low magnification (C), a portion of (C) at higher magnification (D), and a representative view from another sample (E). For (A), (B), (D) , and (E), bars indicate 0.1 Mm; for (C), bar indicates 1 Am. In (C) densely stained bundles of actin fibers are seen near the left of the micrograph. The meshwork appears to consist of nearly parallel arrays of actin fibers running in two directions, as indicated by the white arrows. In (D), some actin fibers are seen decorated by globular material of molecular sizes similar to filamin. The small black arrowheads (v) point to the globular material and the blank arrow (v) indicates the bare portion of the same F-actin fiber. In (E) the decoration is so dense that only occasionally bare, thin fibers can be detected entering the aggregate (blank arrow).
groove of the F-actin helix, has a binding ratio of 1 molecule to 7 actin monomers (13) , while a-actinin, which causes F-actin to aggregate into bundles at 00 (but not at 370) (14) , binds in the ratio of 1 molecule to 9-11 actin monomers (15) .
The electron micrographs show that the F-actin filaments in the filamin-actin aggregates are crosslinked into filament bundles and into loose meshworks of overlapping individual F-actin filaments. More-or-less spherical knobs, presumably consisting of individual filamin molecules, can be seen (Fig. 4D) along the F-actin strands, which in favorable views are in an apparently periodic array.
All of the binding and morphological data presented are therefore consistent with the proposal that, in vitro, filamin molecules bind directly to specific sites on F-actin, and that at some of these sites, the filamin molecules crosslink the actin strands into either fiber bundles or loose meshworks. This crosslinking process leads to the formation of the gel aggregate. What happens, however, when the gel aggregates coagulate and then contract, is not clear. It might be pointed out that filamin in solution exists as a dimer of apparently identical chains (2) , so that in principle an individual dimeric unit could bind simultaneously to two actin strands and thereby crosslink them.
Having demonstrated and partially characterized the in vitro interaction of filamin and actin, we may inquire whether this interaction has any function inside the living cell. The absence of filamin from skeletal muscle cells indicates that it is itinvolved in the actomyosin sliding filament mechanism nor is filamin essential for its control. On the other hand, the presence of filamin in smooth muscle cells and in a wide range of nonmuscle cells so far examined suggests that it does have an important general role in cell physiology. It is of considerable interest that studies of the intracellular localization of filamin by immunofluorescent techniques (ref. 1; M. Heggeness, K. Wang, and S. J. Singer, unpublished data) have shown the filamin to be distributed in two forms: in long thick filaments and in a diffuse intracellular matrix. These two forms in vivo appear to correspond closely to the fiber bundles and loose meshworks, respectively, which we have described above in filamin-actin aggregates in vitro. This correspondence encourages some speculation about the possible role of filamin in vivo.
Although myosin-like molecules are as ubiquitous as actin in eukaryotic nonmuscle cells, there are specialized regions within these cells that are apparently devoid of the myosin and yet can exhibit certain mechanochemical activities. For example, in experiments to be published (M. Heggeness, K. Wang, and S. J. Singer, unpublished data), by using a double fluorescence technique to observe the distribution of two macromolecules within the same cell, it has been shown that within the ruffles at the periphery of isolated cultured cells, and in the regions of cell-cell contact, actin and filamin are present, but myosin is not detectable. Tubulin is also absent. It is well known that ruffles are highly motile portions of the cell periphery, and that immediately after the ruffles of two cells come in contact, this motility ceases (16) . It has been shown (17, 18 ) that accompanying this process there occurs a rapid reorganization of what appears to be a loose meshwork of individual F-actin filaments into arrays of filament bundles. Without specifying the detailed mechanisms involved, we suggest that the interaction of filamin with F-actin is critically involved in these filament reorganizations and motility changes in cell ruffles. In addition, filamin-actin interactions may be more generally involved in nonmuscle cell mechanochemistry, whenever dynamic and transitory actin-containing structures form and dissociate subject to the needs of the cell. In order to test these speculations, more information is required about filamin-actin interactions in vitro, and in particular, what physiologically relevant factors control these interactions.
The relationship of filamin to other proteins that are reported to interact with actin remains to be clarified. The actin-binding protein isolated from rabbit pulmonary macrophages (9, 19) shows many similarities to chicken gizzard filamin, including apparently the capacity to form gels with F-actin filaments, although it was not demonstrated that gel contraction could occur in the complete absence of myosin, as in Fig. 1 . If filamin and the macrophage actin-binding protein are indeed the same, then: (i) we have demonstrated its presence in a wide range of nonmuscle cells as well as in smooth muscle (1); and (ii) smooth muscle is a better source for large amounts of the protein than are macrophages. Another protein that is reported to affect the properties of actin in vitro is erythrocyte spectrin (20, 21) . Although spectrin is distinctly different from filamin, the two proteins do share some interesting physical characteristics (2), but no definite relationship has as yet been established.
